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FOREWORD 


Thla report presents the results of an experimental Investigation 
of V/STOL thrust augmenter wings in flight at slow forward speeds. Tuo 
rectangular wing planforms of differing relative chord lengths were tested. 
The augment ers were positioned In the aft portion of the wing so as to 
produce Increases in circulation lift. Two blown flap configurations were 
also tested for comparison. 

Surface pressures as well as total forces and moments were obtained 
on the semispan models at two flap deflections and a range of momentum 
coefficients. The results are compared with predictions made by use 
of Spence's jet flap theory. 

Volume 2 contains tabulation of (1) surveys at the pressure 
augmenter exit, (2) downwash surveys downstream of the wing, and 
(3) all force and moment data acquired during the test. 
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A STUDY OF A VTOL 

THRUSTING EJECTOR IN LOW SPEED FLIGHT 

By VMrl R. Stewart 
Rockwall International 
North American Aircraft Dlvlalon 
Columbua* Ohio 


SUMMARY 


Results are presented of a wind tunnel test to quantify the perfor- 
mance of a VTOL Thrust Augmenter Wing (TAW) and a comparable blown flap con- 
figuration during low speed flight. The objectives of the study were to 
obtain a systematic and comparable set of data and to determine the ability 
of Spence's jet flap theory to predict the aerodynamic effects of the TAW. 
The ability of the theory to adequately predict the characteristics can be 
Increased by correctly utilizing the Individual components of the theory; 
therefore a secondary objective of this study was to break out the com- 
ponents making up the jet flap theory » and where possible* to better define 
those components. The data obtained from the test portion of the study 
Included longitudinal forces and moments, surface static pressures, aug- 
menter exit surveys, and downstream flow field surveys. 

Results of the study Indicate that jet flap theory when modified to 
account for the TAW components Is able to predict the characteristics with 
a reasonable accuracy. The modifications are: (1) Increase jet momentum 

coefficient (C^) In the theory by the thrust augmentation (<()), l.e., 
becomes <|)Cy; (2) account for augmenter Inlet momentum (ram drag) In the 

drag and pitching moment equations; and (3) account for Increased wing 
aspect ratio due to the endplate required to close out the augmenter. 

Based on augmenter exit surveys. It appears that forward speed has no 
appreciable effect on thrust augmentation ratio or entrainment of this 
type of augmenter. 


INTRODUCTION 


Ejectors provide a means of increasing the engine thrust as well as 
a means for deflecting the thrust In a direction to provide lift and/or 
control for a V/STOL vehicle. Several studies have shown augmentation values 
of 1.6 to 2.0 at static conditions. References (1) to (A). Ejectors can be 
utilized in several possible configuration arrangements. One such con- 
figurational arrangement Is the thrust augmenter wing (TAW) concept. In 
this concept the augmenter is located In the wing trailing edge and Is 
capable of deflection from full down (for vertical flight) to angles 
approaching the wing plane (for transition). An example of a TAW con- 
cept for VTOL Is the Navy/Rockwell XFV-12A (see Reference (5)). 

Most of the test data obtained to this date on TAW concepts have 
been very configuration-oriented and not complete enough for broad design 
or analysis application. In general, those data are not sufficiently 


or doeailod to ollow tho doilgnor to dotormino th« eoraponont input! 
into load! and to prapara atablllty and control aatiaataa for ganaral con- 
figuration concept!. An under! tending of the cosiponant load! braakdoMn» 
the flow field charactariatica, and the affect of forward apaad on thaaa 
par ama tare ia needed. 

In order to gain thia under a tending, data have bean obtained from 
teat of a modal with the nacaaeary inatrianantation at apaad condition! 
rapraaantativa of tranaition to conventional flight. A TAW configuration 
waa taatad with two chord langtha of the wing, and aimilar taata ware 
made with the augmantar rearward componanta ruiovad co form a more con- 
ventional blown or Jat flap. 

The raaulta of thaaa taata are analysed with regard to overall aero- 
dynamic performance and are compared to Spanca'a Jat flap theory of Rafar- 
anca (6). aa praaantad by McCormick (Rafaranca (7)). 
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Drag Coefflciantf Drag/qS^^ 
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Pitching Moment Coefficient, Pitching Moment/qS^c^ 
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Throat Width meters (feet) 

1 

3-D Correction Factor, Function of 
A and <^C 

u 

Induced Drag Correction Factor for Taper 

Induced Drag Correction Factor for Part 
Span Flaps 

Lift Correction Factor for Part Span Flaps 
Mach number 

Primary (nozzle) Mass Flow kg/sec. (slugs/sec.) 


Secondary (entrained) Mass Flow 
of Augmenter 

Total Mass Flow, M + M 

P 8 

Pressure 

Atmospheric Pressure 
Static Pressure 
Total Pressure 


kg/sec. (slugs/sec.) 
kg/sec. (slugs/sec.) 

pascals (pounds/ln. ^) 

pascals (pounds/ln. ^) 

2 
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Pressure Ratio, Pm/P 

T a 

Freestream Dynamic Pressure, newtons/meter^ (pounds/ft^) 

00 

Dynamic Pressure at Tail Location newtons/meter^ (pounds/ft^) 
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matars/sac (faat/sac.) 

V 

m 

- 

Fraastrean Valoclty 

matars/sac (faat/sac.) 

’j 

- 
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Y 
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Z 
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Vertical Dimension from WRP, 
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A 

- 

Taper Ratio 


4> 
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Thrust Augmentation Ratio 

Augmented Thrust 
Isentroplc Thrust 

P 

- 

Air Density 

Kg/meter (slugs/ft ) 

a 

- 

Angle of Attack 

degrees 

6 

:-f 

Thrust Angle 
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€ 
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Downwash Angle 
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Mean Flap Angle Measured from WRP 
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'CB 
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Centerbody Angle Measured from WRP 
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Nose Flap Angle Measured from WRP 
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Aft Flap Angle Measured from WRP 
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MODEL AND APPARATUS 


Modal Daacrlptlon 

Tha modal taatad waa a floor mouncad aamlapan modal rapraaantlng 
an unawapt» uncaparad au^antnr wing configuration and la shown (Figure 1) 
mounted In tha 4.27 x 4.S8 matar (14 x 16 faat) tast nactlon of tha 
Rockwall Intarnatlonal Colurabua wind tunnal facility. Tha modal was 
testad at maan flap daflactlons reprasantatlva of STOL or transition 
operation. 

The wing cross-section and augmenter are shown in Figure 2. An 
overall model sketch and dimensions are presented in Figure 3a. The 
augmenter has two Coanda slot nozzles and a hypermixing cantarbody nozzle. 
Figure 3b presents a sketch of tha cantarbody nor.zle. Tha centerbody has 
an external hinge arrangement to allow the Jet to be located at the center- 
line of the throat at mean deflections of 90 degrees (vertical flight mode) 
and yet to close for cruise flight. The model nozzle gaps are arranged 
such that the flow split from the three nozzles is: each Coanda approxi- 

mately 25 percent and the centerbody 48 percent with 2 percent applied 
on the end walls for control of flow attachment. 

The augmenter consists of a fixed nose section with a hinged lower 
surface flap, a hinged centerbody and an aft flap. The nose section 
flap and the centerbody retract to provide the airfoil section. The 
nose section flap leading edge is tangent to the forward circular Coanda 
radius at all flap angles. The surfaces open to provide the augmenter 
wing. Several angle relationships are Important to the discussion. The 
mean angle ( 6 p) of the augmenter is the average angle of the inside sur- 
faces of the nose flap and aft flaps. The thrust angle ( 6 ) is the balance- 
measured thrust angle at static tunnel conditions, and the diffuser angle 
(6q) is the variation of the inside surface from the mean angle, positive 
for positive diffusion. The centerbody angle ( 6 ^ 3 ) was fixed for maximum 
static augmentation ratio and was 70 degrees at 0 ■ 40** end 60 degrees at 
9 ■ 30®. All angles (except 63 ) are measured from the wing reference plane. 
Figure 3c presents the augmenter nomenclature. 

The basic augmenter wing model has a relatively short leading edge 
ahead of the augmenter throat. A modification to the wing chord was 
achieved by adding « chord extension of .254 meters (10 inches) ahead of 
the basic wing. The two chord lengths chosen would be representative of 
those which might be used in a thrust augmenter wing (TAW) configuration. 
Although no attempt was made to match other variables, such as, surface 
thickness and throat width to flap length, the chord lengths chosen for 
this study are closely representative of the Rockwell XFV-12A TAW. The 
short chord could be considered to represent the canard while the longer 
chord is representative of the nose lengths associated with the XFV-12A 
wing geometry. 

The configuration was modified to provide a jet flap configuration 
by removal of the aft flap and centerbody of the basic model. Thereby, 
four separate configurations wer;:. tested. These are shown in Figure 4, 
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and are two TAW configurations with flap chord to wing chord ratios of 
0.40 (Augmenter, 1) and 0.28 (Augmentar 2) and two jet flap configurations 
with flap chord to wing chord ratios of 0.61 (Jet Flap 1) and 0.365 (Jet 
Flap 2). The TAW Cf/C^ ratio la based on aft flap length and the respec- 
tive wing chord lengths. The model geometry of the four configurations 
tested is shown In Table 1. 


Instrumentation 

The model Instrumentation consisted of s five component force balancet 
instrumented air supply system* surface pressure Instrumentation* and flow 
field pressure survey apparatus. An external five component post balance 
was used to measure normal force* axial force* pitching moment* rolling 
moment* and yawing moment. The rolling and yawing moment data from a 
semispan model such as this are utilized primarily as a diagnostic 
and are not presented. Normal* axial* and pitching moment data were 
transferred to stability axis reference system and are presented. 

The surface pressure instrumentation consisted of one chordwlse row 
of taps on the upper and lower surface and one spanwise row of taps on 
the upper surface. Pressure data and the Instrumentation locations are 
presented in detail In Appendix G. 

A traversing survey rig was developed and used to survey both the 
augmenter exit and the flow field In the area of the horizontal tall 
locations. The exit survey was accomplished with a rake of three pitot- 
static tubes (Figure 5). The exit was traversed at several stations. 

Data were recorded by Individual transducers for each of the six 
pressures. The downwash survey was made with United Sensor five hole 
directional probes. The probes are accurate to approximately 40 degrees 
angle. Figure 5 shows the dcwnwash survey rig. Surveys were r-^de in 
both vertical and spanwise directions. 


Test Procedure 

The test ’^ras conducted in the 4.27 x 4.88 meter V/STOL test section 
of the Rockwell International wind tunnel located at Columbus, Ohio. The 
V/STOL test section can be operated at speeds of zero to 80 knots. Tlie 
semispan model described in the preceding sections was mounted on a five 
component post balance. Figure 6 shows the schematic lr> tallation of the 
model, balance* and air supply. 

The high pressure air for the nozzles crosses the balance through 
a trombone pipe arrangement. This air supply system results in a small 
hose tare which is accounted for in the data reduction. The balance was 
calibrated with the hoses in place. The calibration change for hose 
pressure was checked during the balance calibration. A separate balance 
calibration matrix was required for the hoses pressurized or nonpressurized. 

The tests were conducted in three phases. The primary portion con- 
ducted was a force and surface pressure test. The balance data and sur- 


Tabl« 1 Model Geometry 


Wine : (Bm&o) 


Seeclon: t/e 

leper: 

Spen: b^/2 

Chord: 

Itolec: . 

Incidence: 

S „/2 


17% Supercrltlcel L«E. Redltie ■ 2*34 cm (1.0 in.) 

1.0 

152.22 cm (59.93 Incbee) 

57.46 cm (22.62 Inehee) 
none 

.875 (9.414 fc^), A - 5.3 


Tretltng Edge Flen: 


Chord: 39.4% ■ 20.12 cm (7.92 Inchee) 

Spen: h^/2 117.93 cm (46.43 inchea) (full apen outboard of fuaelege) 


Hinge: .60 x/c 

Daflectiona: 30°, 40° 

Noesle: .191 cm (.075 Inchea) Gap 

Flaperon Extcnalon (E): 6.43 cm (2.53 inchea) 


Lower Surface Plan : 

Span: bpp/2 

Deflocciona: 

Moeale: 

Center body ; 

Span: 

Daflectiona: 

Nozcle: 


117.93 cm (46.43 Inchea) 
30"^, 40° 

.191 cm (.075 Inchea) Cap 


117.93 cm (46.43 Inchea) 

Variable poaition, 0° through 90° 
Hypermixlng. gap • .38 cm (.15 inchea) 


Fuaelage: 

Approximate .2 scale Type "A" TAN Semi-Span Transport Model 


Reference Geometry : 


Auamenter I 


' Auamenter 2 Jet Flan 1 


Jet Flap 2 


Span 

(Total) em(In.) 

(Exp.) cm(In.) 

Chord 

(Undeflected) cm(In.) 
Area m^(ft^) 

Aspect Ratio 
(Total) 

Center of Gravity (x/c) 


152.22(59.93) 

117.93(46.43) 

57.46(22.62) 

. 875 ( 9 . 414 ) 

5.3 

0.430 


152.22(59.93) 

117.93(46,43) 

82.86(32.62) 

1.261(13.576) 

3.67 

0.605 


152.22(59.93) 

117.93(46.43) 

37.67(14.83) 

.574(6.172) 

8.08 

0.655 


152.22(59.93) 

117.93(46.43) 

63.07(24.83) 

.961(10.334) 

4.83 

0.790 
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face pressure dace were obtained through a range of angles of attack from 
•12 degrees to 20 degrees for each of the four configurations discussed 
at various levels of blowing coefficients and thrust deflection angles. 
Thrust deflection angles were maintained at approximately 30 degrees and 
40 degrees for all testing. The thrust deflection angle was determined 
from measured forces at static (zero forward speed) conditions. Effect 
of forward speed on thrust deflection angle was not Investigated. 

The second test portion consisted of a series of augmenter exit 
surveys to investigate the effects of forward speed on the augmentation 
ratio and secondary mass flow of the system. 

The third portion of the test consisted of a downwash survey behind 
the augmenter and Jet flap configurations. Fibure 5b shows the setup 
for the downwash survey. The measurements were made at several heights, 
span stations, and at three longitudinal positions behind the wing. 


Data Reduction 

The data are presented In the standard engineering coefficients 
about the stability axis system shown In Figure 7. Heyson wall correc- 
tions and solid blockage corrections have been Included in the coefficients. 
A discussion of Heyson corrections can be found in References (8) to (11). 
The pitching moment coefficients are referenced to the center of the aug- 
menter for all configurations Including the jet flap configurations, see 
Figure 2. This moment center was held constant for all configurations 
tested for purposes of data comparisons of the induced load centers. 

The aft center of gravity results in a very unstable configuration In 
certain cases, particularly the Jet flap configurations; reference c.g. 
locations are shown in Table 1. The surface pressures have been Inte- 
grated and compared to balance forces. 

Augmenter exit surveys were recorded as total and static pressures. 
Examples are presented in Appendix A. 

Downwash surveys were reduced to angle and dynamic pressure ratios and 
are presented as a function of position. 

Blowing moment coefficient was changed by variation of both nozzle 
pressure ratio and tunnel speed to provide the desired levels for the 
force testing: however, during the exit survey and downwash tests, the 
nozzle pressure ratio was maintained at a pressure ratio of 1.5 for all 
surveys to provide a direct basis for comparison of velocity effects. 

The low level of Pr “ 1.5 was chosen because of limitations in stiffness 
of the surveying mechanism, i.igher pressure ratio would have required 
considerably higher tunnel speeds and would have more than doubled the 
forces acting on the rake. 

The thrust utilized in calculation of blowing momentum coefficient and 
augmentation ratio is the ideal nozzle thrust for each pressure ratio 
tested. 


Thrust “ V . ; C 
P j P 


Thrust 

qS 
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Mass flow was measured by calibrated venturis located upstream of the 
model pressure control valves. 


TEST RESULTS 


General 

The TAW was tested at thrust angles of 30 and 40 degrees and at 
diffusion angles of 0, 8* and 16 degrees fur futh nose lengths. The 
diffuser angle variation has two effects cn !;i.e augmenter characteristics. 

At a constant mean angle, reducing the diffuser angle reduces the static 
augmentation ratio (({)) and Increases the thrust angle. In order to pro- 
vide data more useful in comparison and to facilitate data analysis, the 
thrust angle change was kept constant by simultaneous changes to diffuser 
angle and mean angle. The variation of static augmentation ratio (<j>) 
with diffuser angle Is shown in Figure 8. A second order change In (|) 
was noted with pressure ratio (see Figures 9 and 10). 

It is felt the pressure ratio effect Is a corner flow separation 
problem and will be eliminated with forward speed. Previous data obtained 
on this model at other conditions have shown that although a small change 
In Is noted at static conditions, the data may be compared as a function 
of C . These data are presented In Reference (4) and are reproduced In 
Figures 11 and 12. 

The basic lift, drag, and pitching moment data for the Augmenter 1 
configuration at the diffuser angles of 0, 8, and 16 degrees are presented 
in Figures 13, 14, and 15, respectively, for 40 degree thrust angle and 
In Figures 16, 17, and 18 for the 30 degree thrust angle. The Augmenter 2 
data are presented in Figures 19 to 24 for the same conditions. Jet flap 
data are presented In Figures 25 and 26 for the Jet Flap 1 and In Figure 
27 for the Jet Flap 2. Figure 28 presents the data for the basic wing 
with no flap deflection and two chord lengths. 

The augmenter data for both nose lengths show that as the augmentation 
ratio is Increased by larger diffuser angle deflection, the entrainment, 
lift, and stall angle Increase. At diffuser half angles of 8 and 16 degrees, 
the circulation lift buildup is similar to jet flap results, large lift 
changes for low values of C^. The pitching moment becomes more positive 
as the entrainment Increases, indicating a forward lift center as well as 
the augmenter Inlet momentum effect. Diffuser angle,s of zero degrees have 
a different characteristic. Low augmentation values are obtained at »> 0; 
the augmentation ratio Is less than 1.0; therefore the mass entrainment Is 
also lower. This results in reduced circulation lift at the lower levels 
of Cp. With the diffuser open to 8 or 16 degrees, providing for reasonable 
augmentation level, the augmenter configurations do not show stall below 
20 degree angle of attack. The jet flap configurations stalled at angles 
of attack of approximately 16 degrees for of 1.0 and 2.0, but did not 
show stall at angles of attack up to 23 degrees with * 4.0. The stall 
angles are readily apparent in the lift coefficient vs angle of attack. 


Effect of Diffuser Angle 


The augmentation ratio of any augmenter Increaaes with the diffusion 
of the augmenter until the diffuser angles become large enough to Induce 
wall separation. The effect of the diffuser angle on augmentation ratio 
at static tunnel conditions was shown In Figure 8. The diffuser angle 
also has an effect on the aerodynamic characteristics at forward speed. 

Lift data are presented In Figure 29 as a function of for both aug- 
menter configurations. The data show considerable spread at a given 
with greatly reduced lift for the lower diffuser angles. Figure 30 
presents the same data as a function of ^Cy or gross Cy. The data 
show better correlation here* Indicating that circulation lift Is more 
of a function of the gross thrust of the augmenter; however* some dis- 
crepancies are still to be noted* particularly with the short chord 
augmenter. The diffuser angle of 16 degrees gives the maximum aug- 
mentation level obtainable with this particular augmenter configuration; 
thus* the augmenter Is entraining the maximum amount of secondary air 
at this condition. As the entrainment Is reduced through the closing 
of the diffuser* the external flow separates from the aft surfaces of 
the centerbody and aft flap* thereby reducing the circulation about 
the airfoil and resulting In the reduced lift coefficients seen In the 
data. The correlating parameter chosen for this report is Cy or iJ»Cy. 

The parameters Involving velocity ratios have been developed and may be 
of Interest. The data necessary to compute various velocities can be 
found In the tabulated data* Appendix C. 

V 

Pitching moment and drag coefficients are also significantly affected 
by diffuser angle; however* here the effect of ram drag contributes a 
large portion to the apparent effect of diffuser angle. The variations 
of drag coefficient are presented in Figures 31 and 32 as a function of 
Cy and i|)C , respectively. Again* better correlation is shovm with i^Cy, 
but the separation effects discussed for the circulation lift are apparent 
at low values of <^Cy. It wou,ld appear that if a TAW configuration could 
be developed such that the separation at low Cy levels does not occur* 

(|)Cy will be a suitable paramett'Sr for data correlation. 

Pitching moment coefficients for Augmenters 1 and 2 at a ■■ 0 
are. presented in Figure 33. These data are presented at an angle of 
attack of zero and as a function of Cy only. Correlation on tf^Cy is 
no better tnan Cy due to the ram drag input into the moments. As will 
be discussed in the following sections* the effective ram drag arm is 
shown to be a function of the blowing coefficient^ Cy. The ram drag 
moment arm acts at some percentage of the stream tube of the entrained 
air. As Cy increases, the stream tube of the entrained air also increases 
in area. The analysis shows that much of the increase in size is above 
the wing; therefore, the position of the apparent location of the pitch- 
ing moment force shifts upward. The surface pressure, as will be discussed 
in the wing component lift distribution section, shows the induced pressures 
Co be concentrated on the leading edge section at all blowing coefficients. 


Effect of Forward Speed 


The effect of forward speed on the augmenter characteristics Is 
seen In several parameters. The major Items of Interest at forward 
speed are circulation lift. Induced drag, augmentation ratio, and 
secondary mass flow which results In ram drag. The pitching moment 
coefficient also varies with forward speed but la a result of the 
combination of the above major Items. The circulation lift generated 
by the augmenter Is the sum of the angle of attack lift, flap lift, 
and to the lift Induced by blowing through the augmenter. Induced 
drag is the result of circulation lift. Investigation of forward 
speed effects on augmentation ratio and ram drag were broadened In 
this study to include a pressure survey of the augmenter exit at 
several conditions. Previous analyses had attempted to obtain a 
wlnd-on augmentation by solving the Jet flap drag equation. 


C - •r4c + C_ + C_ + C_ 

° ^ ®i »Ram 


K. C. 


- -r^ + C„ + — ^ 

^ 0 TrJXL + 




20c 


TTJl + 20c 


qS 


(Eq. 1) 


This procedure Indicated a si'zable increase In augmentation ratio (<^) 
with forward speed. 

The exit pressure surveys (Appendix A) taken do not show an increase 
in mass flow or augmentation ratio due to forward speed and, in fact, 
show a decrease in local thrust at a blowing coefficient of 2.0. Figure 
34 presents the average exit thrust from the exit survey indicating a 
reduction in (j) as the speed increases. The data are shown as a function 
of Cy. Since the survey data are for a constant primary pressure ratio 
of 1.5, the momentum coefficient (C^) is directly proportional to T/V^. 
The mass flow is less consistent than thrust and indicates variations of 
±10% (see Figure 35) compared to. 



(Eq. 2) 


Due to the variations encountered in the suirvey results combined with 
the force data, it is concluded, in practice, that no significant wind 
effects can be attributed to the augmentation ratio or mass flow. The 
Jet flap theory drag equation shown earlier has several other variables 
which are not firmly established and which may be a factor in the apparent 

increase. The major items are thrust recovery (r), Cr, , the Induced 

^0 
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drag* span factor, and K 2 » as wall aa Che effective aspect ratio of 
wing endplate. These Individual Items will be discussed In a following 
report section entitled. Jet Flap Theory Comparison. 


Downwash Survey 

The flow field behind the TAW and the jet flap was measured by use 
of a United Sensor calibrated five-hole probe. Survey locations are 
shown In Figure 3. The pi^obe has been calibrated to yield both angle 
of attack (downwash) snd sideslip as well as dynamic pressure. For 
purposes of this test only angle of downwash and dynamic pressure were 
of Interest since tho entire flow field was behind the wing and no 
cross-flows were experienced. Figures 36 and 37 show the variation of 
the dynamic pressure ratio q^^/q fot the augmenter. Figures 38 and 39 
present comparable data for the jet flap. The data show that the q^/q 
is relatively uniform for the region surveyed at constant blowing con- 
ditions. With blowing off (C^ *• 0), the data show a wake behind the 
wing. The free stream q is obtained at heights of approximately 1/2 c 
above the wing plane. With blowing on, the value of q^/q„ la .8 to 
.95. The accuracy of Che total pressure measurements Is 15% to 
±10% so that while Che absolute levels indicated are not adequately 
defined, Che trends are probably correct. 

The five-hole probe is arranged as shown: 



^1 n n ) n i^ni 


r I r:Tj: 


^ 1 > -r-i . 


T-7TTTT7 


SECTION A-A 


The total pressure is a function of pressure 5 and the static 
pressures an average of pressures 1 to 4. The NACAL V/STOL tunnel Is 
not vented to the atmosphere, and the total pressure In Che test section 
may be as much as 1 psl above atmospheric pressure during tests; therefore, 
it can be seen that the dynamic pressure measurements are a small per- 
centage of the total pressure reading. All pressures are referenced to 
atmospheric. 


q - 


P 


S 


At a tunnel velocity of 50 knots, q ■ 8.5 Ibs/ft^ ■ .059 Ibs/tn^, Pg was 
approximately .45 psi above the reference pressure; therefore, the q^ 
is obtained from 

q - Pt - Pg 


- 14.809 - 14.750 - .059 
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Small errors In either the static or total pressure measurements 
can result in sizable errors. Assuming a IZ error in P<j> would result 
in an 8.6Z error in 

The measurement of angles is a function of pressure ratios* and 
large errors are less likely to be encountered. Sample results for the 
downwash angle are presented in Figures 40 and 41 for the TAW configura- 
tion. Large downwash angles of 20 to 25 degrees are shown in the wing 
plane with blowing. These levels reduce to 10 to 15 degrees as the 
test location is moved above the wing plane. The downwash angle is 5 
to 10 degrees with no blowing. Longitudinal displacement does not 
materially affect the downwash angles. 

The Jet flap downwash angles for the same conditions are presented 
in Figures 42 and 43. At this fuselage station the downwash angles are 
reduced due to the Increased longitudinal distance from the trailing 
edge. Moving forward to compensate for the forward shift of the wing 
trailing edge results in increased downwash angles (see Figures 44 
and 45) . 

The complete downwash survey results are presented in Appendix B. 


Surface Pressure Distributions 

Surface static pressures were obtained at a midspan station for all con- 
figurations tested. Figures 46 to 49 present chordwise pressure distributions 
at an angle of attack of zero for the range of blowing coefficients tested. 

For Augmenters 1 and 2 (Figures 46 and 47) the diffuser angle is S** and 
mean angle is 30°. For Jet Flap configurations 1 and 2 (Figures 48 and 49) 
the flap angle is 30°, As expected, there is a significant increase in the 
nose section lift due to the increasing blowing rates. Ttie greatest effect 
of blowing, however. Is on the blown flap surfaces. The aft flap of the 
augmenters experiences a downward load due to reduced pressures in the 
augmenter. 

The effect of change in angle of attack is shown in Figure 50 for 
Augmenter 1 and in Figure 51 for Jet Flap 1. The data show an Increase in 
the negative pressure coefficient near the leading edge with increasing 
angle of attack but little effect in the pressure at the forward flap knee 
or on the pressure centerbody and aft flap in the augmenter. For a given 
value of and a, the augmenter configuration has greater suction on the 
airfoil nose than does the jet flap and less peak suction near the flap, thus 
Indicating an Increase in circulation lift due to thrust augmentation. 

The effect of diffuser angle for Augmenter 1, shown in Figure 52 for 
a " 0 and in Figure 53 for a ■ 8°, is similar to the effect of increased 
blowing shown in Figure 46. Increase in diffuser angle Increases the 
entrainment and augmentation ratio. Therefore, it produces a change in 
pressures similar to that of increasing C^. A reduction in leading edge 
suction can be seen at 0 indicating the stall discussed earlier. 
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A direct comparison of Che pressure distributions of Augmenters 1 and 
2 is shown in Figures 54 and 55 for a>0 and 12*. respectively, and in 
Figures 56 and 57 for the Jet flap configurations. The data show the same 
general results for the two nose lengths with greater leading edge suction 
indicated on the short nose. 


Wing Component Lift Distribution 

The surface pressure distributions show that most of the circulation 
lift buildup occurs on the wing nose. Figure 58 presents the lift break- 
out of the Augmenter 1 configuration. The sectional lift coefficient was 
obtained from integration of the surface pressures presented in Appendix C 
for tlte configurations tested. The lift component is made up of the pressures 
on Che three augmenter surfaces plus the lift component of the nozzle thrusts; 
in this case only Che alt and centerbody nozzle thrust contribute to Che lift 
since the forward nozzle ejects in the thrust direction. The sketch below 
shows the component breakdown. 



The lift breakdown can be written as 


(Eq. 3) 

T^ sln(e^ + a) Tj sin(d 2 + «) 8in(» ^ a) 

H - ^ ^ ^ 

where 

■ Integrated surface pressure loads 

T ■ nozzle thrust 

9 ■ nozzle angle 

a “ angle of attack 
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The tern T/qS is the blowing coefficient (C^) for esch nozzle; 
therefore the lift equation can be written as 

(Eq. 4) 

+ - sln(dj •►a) + C sln (^2 + a) + C sln («3 a) 

12 3 ^*l ^2 ^*3 


The pressure data show that within the range of tested most of the 
lift is carried on the nose section with generally small negative lift 
on the centerbody and aft flap and a positive lift Increment due to the 
thrust angle. The negative lift on the centerbody is the result of 
the down facing portion becoming adjacent to the large negative pressure 
field in the throat of the augmenter. The aft surface negative lift 
forces are caused by the negative pressures within the aui,|menter over- 
coming the upper surface negative pressures resulting frem the deflection 
of the streamlines. 

Comparison of the Integrated surface pressures with the overall 
force data Is shown In Figure 59 for Augmenter 1. The section lift 
coefficients have been adjusted to a three-dimensional value by the 
Jet flap correction factor discussed In Reference (7). The values of 
the 3-D correction factor for the augmenters tested are presented In 
Figure 60. The F values were computed utilizing an effective aspect 
ratio to compensate for the endplate effect of the augmenter endwall. 

The effective aspect ratio was determined from the lift curve slopes 
of the configurations with the augmenters closed. The basic wing lift 
characteristics were presented in Figure 28a. 


JET FLAP THEORY COMPARISON 


Lift 

Estimates of TAW STOL characteristics have been made by use of the 
Jet flap theory summarized In Reference (7). The data obtained during 
this study on TAW and Jet flap configurations have added to the data 
bank, and It Is now possible to present a one to one comparison. The 
theory provides corrections for 3-D effects by the following equation: 


Al + ?.Cj7T 

F(A , C ) - = 1 (Eq. 5) 

A + 2 + 0.604 to .876 

The 3-D corrections from Reference (7) are presented in Figure 61 for 
several aspect ratios. The F values utilized in the analysis of the 
two augmenter configurations tested during this study were presented 
in Figure 60. 
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Th« span corraction factor can ba obtalnad from Flgura 62. 

The data from the tests are shown In Figure 63 reduced to a 2-D lift 
( 3 ^ 9 / 35 ) as A function of flap chord/wlng chord (Cf/C^). Excellent agree- 
ment la seen for both the Jet flap and TAW characteristics. The reference 
chord for the TAW Is the aft flap section. 

The Cji^ (Cf/c ■ 1.0) has less consistent agreement* particularly with 

the Jet flap configurations. The Jet flap apparently has carryover lift 
on the fuselage approximately equal to the wing loading; In other words 
K|, ■ 1.0. The TAW does not Indicate as much carryover and does In fact 
agree well with Jet flap theory for the lOOZ chord Jet flap theory. A 
possible reason for this Is the reduced lifting area of the TAW con- 
figuration compared to the Jet flap configuration. The centerbody of the 
TAW Is nearly vertical and presents little lift surface to the pressures. 
Most of the circulation lift Increments are carried on the section ahead 
of the augmenter and little change Is noted due to angle of attack on the 
centerbody or aft surface of the TAW configurations. It should be noted 
that the agreement between Jet flap theory and the TAW shown In Figure 63 
Is with the maximum diffuser angle of 16 degrees* the maximum entrainment 
as well as peak point. Reductions of diffuser deflection will reduce 
the circulation lift as discussed earlier and the agreement of the lower 
levels of Cp will not hold. 

Figure 64 shows the effect of on the lift for the TAW and Figure 
65 shows the same variable for the Jet flap. The slope of vs at 
high values of should be equivalent to the blowing coefficient times 
the sine of the thrust angle In the case of the Jet flap and ij)C sin 6 for 
the TAW. The data show that from C ■ 2.0 to C > 4.0* this relationship 
holds. At lower levels the blowing rate is insufficient to fully attach 
the flow and the rate of change of with is higher. At high angles of 
attack the slope exceeds sin 9 since • 2.0 was not sufficient to 
fully attach the flow. 


Drag 

The force in the longitudinal axis is composed of the Jet thrust* 
profile drag, the Induced drag, and In the case of the augmenter, a ram 
drag term. Jet flap theory accounts lor these terms as follows: 


S - -'S 


^1 

+ 2C 


^2 

n-m. + 2C 


(Eq. 6) 
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The terms are defined as: 


Total lift coefficient 
r Thrust recovery factor 

Induced drag factor due to nonelllptlcal load 
K 2 Induced drag factor due to part span flap 
Lift due to flaps 

Sq Drag a - 0; - 0 

Modifying this to fit the TAW gives: 


where 


K, C 






'^Ram 

Vop 


Augmentation Ratio 

M V 
8 ^ 

Ram drag — — 

Free stream velocity 


Assuming the and K 2 terms from Reference (7) will hold for both 
augmenter and Jet flap, the definition of ram drag, and utilizing an 
aspect ratio which accounts for the endplating of the augmenter end 
wall, it Is possible to solve for the quantity r4>C^ or In the case of 
the jet flap rC^. 

Figure 66 shows the drag coefficient as a function of for the 
TAW with the induced drag, profile drag, and ram drag removed. The 
r(|)Cp variation Indicates almost that thrust recovery (r) is nearly one 
for this particular configuration; r(|)C^ for a > 1.4 Is approximately 
1.4 C^. A similar comparison of the Jet flap configurations Is shown in 
Figure 67 for the two nose lengths. The results show rC^ to be 0.9 
to 0.95 Cy. This is slightly higher than shown In Reference (7) where 
about 0.2 loss is taken for nozzle efficiency and scrubbing drag on the 
flap nose, however. The 0.9 value for r is not unrealistic. An r 
approaching 1.0 can be expected for the TAW at these angles since the 
(j> term accounts for nozzle efficiency, scrubbing, drag, etc. 

The data obtained during this Investigation have shown that In the 
solution of the Jet flap equations for an augmenter of this type the 
static value of augmentation ratio and the full ram drag due to the entrained 
secondary mass flow should be used. It is possible that other augmenter con- 
figurations, in particular those which rotate the Inlet Into the flow, may 
show increased augmentation with forward speed similar to that experienced 
by a Jet engine. 
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Pitching Mopwnt Charnctcrlstlca 


Rafaranca (7) provldaa a auggaatad aathod of handling tha pitching 
momant of jat flap conf lguratlon« Continuing tha lift braakdown aa a 
function of flap daflactlon, chord* and lift, a tarm of dC^/dCj^ (ac) aa a 
function of and Cy haa baan davalopad. Thla variation lo praaantad 

in Flgura 68. 

Utilizing thla valua for placanant of tha circulation lift and tha 
thruat arm glvaa: 


Cm • («* 
01 



(Bq.8) 


where 


C 

C 


L 

L 


r 

r 


eg 


is the lift due to circulation 

• “ 'i’Cy sin(6 + oi) 

- C - C aln(6 + o) 

L 

■ distance from nose to eg (+ aft) 


Augmenter 
Jet Flap 

. i£& 

c 


Z ■ Drag arm 
eg 

a ■ Thrust arm (+ ahead of eg) 



for Jet Flap 
for Augmenter 
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Th« agrsemane batv««n eh« calculatad 0^ and tha teat data for tha 
Jat flap configuration la shown in Flgura 69* 

Computation of tha pitching momant coafflclanta of tha TAW has to 
conaldar tha othar varlablaa which contribute to tha pitching momant. 

Baaad on the data taken during this study. It appears tha major othar 
contributor Is ram drag. The equation can be modified than to: 

Z 

C - (eg - ac)C, + C (Eq. 9) 

“ C *^0 





r 
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Based on the pressure data, it appears that the circulation lift 
acts forward on the wing, at about 50% of the distance between the nose 
and the center of the augmenter throat. 

The ram drag pitching moment arm is, as discussed earlier, a function 
of Cy. At a (|>Cy « 1 the force acts at 1/2 a throat diameter above the 
augmenter inlet; at a (jiCy ■ 2 the force acts at 1 throat diameter above 
the inlet, etc. Utilizing the above moment arms, a comparison of the 
calculated values for several configurations tested are shown in Figures 
70 Here, again, as in the lift and drag correlations, the agree- 

ment is poorer at conditions where separation is apparent due to reduced 
entrainment. 


CONFIGURATION PERFORMANCE 


The augmenter performance can be seen in Figure 77 . One possible 
sequence of angle of attack, thrust angle, and diffuser angle to accomplish 
an acceleration is presented. Starting at 60 knots with the Augmenter 1 
configuration at a thrust angle of 40 degrees, the acceleration and 
transition are shown. Final transition to wlngbome flight would be 
initiated at a lift coefficient of 1.3, a thrust angle of 30 degrees, 
a diffuser angle of 0 degree and with an acceleration of .075 at 117 
knots. 
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This represents only one possible sequence and utilizes the data 
obtained during this Investigation. It should be possible to delay 
transition to deflections of less than 0 • .30 degrees* and this would 
Increase the acceleration at the higher speeds. The thrust to weight 
ratio was established by estimating an augmentation ratio at 90 degrees. 
The augmentation ratio at 90 degrees for the determination of primary 
blowing coefficients was obtained by 


CONCLUSIONS 


(Eq. 10) 


The study of a VTOL thrusting ejector (TAW) In low speed flight 
has demonstrated an aerodynamic relationship between the jet flap and 
the thrust augmenter wing. Specific points of Interest are: 

1. Component breakdown of the loads and pressure distribution 
analysis have shown the majority of the Induced lift of the 
augmenter to be concentrated on the wing nose section. 

2 . Forward speed has little effect on either the augmentation 
ratio or on the entrainment of this particular class of 
augmenters. Performance data are functions of the product 

of momentum coefficient and augmentation ratios (<t>C ) provided 
separation is not present on the wing. ^ 

3. Thrust recovery of the augmenter at the deflections investigated 
is 1.0. Thrust recovery of the jet flap is .9 to .95 at 40 
degrees. Jet flap thrust recovery is probably reduced because 
of scrubbing losses. 

4. Jet flap theory can be used to predict TAW aerodynamic character- 
istics with these assumptions: 

a. The correlating chord length of the TAW is the aft surface 
chord 

b. Replacing the blowing coefficient term C with the product 

V 

c. Thrust recovery approaches 1.0 at 6p « 40 degrees for the 
TAW and about 0.9 for the jet flap due to the surface 
scrubbing loss of the jet flap. 

d. Ram drag must be Included in drag and pitching moment 
equations 

e. Ram drag moment arm for computing pitching moment is a 
function of blowing coefficient. 
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5. Downwash angles of 20 to 30 degrees are shown behind the TAW 
at thrust angles of 40 degrees. 


RECOMMENDATIONS 


Since several of the augmenter wing combinations of Interest 
for airplane configurations utilize tandem augmenters* either spanwlse 
In the case of the XFV-12A or chordwlse as In the case of some NASA 
fighter studies. It Is recommended that additional forward speed studies 
be undertaken to Investigate the particular characteristics of tandem 
augmenters. 
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(b) Hypermixing Centerbody Nozzle 
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Figure 3 (Concluded) 
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a. Lift vs'a 

Figure 13 Basic Aerodynamic Characteristics, Thrust 
Augmenter 1; 40”, ■ 0° 





b. Lift vs Drag 
Figure 13« Continued 
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Figure 14 Basic Aerodynamic Characteristics, Thrust 
Augmenter 1; 0 • 40°, ■ 8° 
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Figure 15. Basle Aerodynamic Characteristics, Thrust 
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Figure 29. Variation of Lift Coefficient with Blowing 
Momentum Coefficient (C^^) 


100 







o • 0* ® » 40* 



Figure 31. Variation of Drag Coefficient vlth Blowing 
Momentum Coefficient (C^) 
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Figure 36* 


Variation of Dynamic Pressure Behind the 
Augmenter with Height 
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Figure 38, Variation of Dynamic Pressure Behind the 
Jet Flap with Height 
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Figure 41. Variation of Downwash Angle Behind the 
Augmenter vith Span 
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Figure 43* Variation of Downwash Angle Behind the 
Jet Flap with Span, Aft Location 
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Figure 45« Variation of Downvaah Angle Behind the 
Jet Flap with Span, Forward Location 


116 


cm 










THM WING PRESSURE DISTRIBUTIONS 





TRW WINS PRESSURE DISTRIBUTIONS 

TESn 292 Sin MM POINT 








0.7 o.e &• 



0-05- 

0*09- 


ore- 

o‘bs- 

o'bv- 

o-ot- 


O-OI* 

1 

0*8 

0*01 
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Figure 52 Effect of Diffuser Angle on Variation of Chordwlse Surface 
Pressure Distribution, Augmenter 1, C^*2.0, a*0 
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Figure 58 Lift Buildup for Each Wing Component, 
Augmenter Number 1 













Figure 61 Basic 3-D Correction Factors 
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Figure 62 Lift Correction Factor for Flap Span 
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Figure 64 VariaCion of Augmenter 1 Lift with 
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Figure 67 Variation of Jet Flap 1 Drag vith 
Blowing Coefficient 
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Figure 73 Comparison of Test and Calculated Pitching Moment 
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